A description is given of simultaneous tape records from four well-shielded crystal detectors placed on the anterior chest in the projections of the right atrium, pulmonary artery, ventricles, and lung vessels alone. Single intravenous injections of I 131 human serum albumin were made. Cardiac outputs calculated from the observed data compare favorably with those obtained by catherization. Use of the tape recorder with slow playback speeds allows for unique storage, transformation and interpretation of data. Characteristic curves obtained from patients with congenital and valvular heart disease are analyzed.
T HE recording of radioactivity transients at the precordium following intravenous injection of an isotope was initiated by Prinzmetal. 1 ' 2 He was able to detect two-peak intensities of radiation with a relatively unshielded Geiger tube placed in the region of the anterior projection of the ventricles. These two peaks of activity following injection of Na 24 corresponded to the entrance of isotope into the right and left sides of the heart, while the lower count rate between the peaks corresponded to the dispersion of isotope to the lungs, away from the Geiger tube. The relative insensitivity of Geiger tubes to gamma rays and the lack of availability of Na 24 tended to prevent general application and refinement of this technic.
Renewed interest in this general approach to the study of blood kinetics has occurred with the advent of crystal detectors with high sensitivity to gamma radiation. Shipley, 3 Huff, 4 ' 6 Veall, 6 Maclntyre, 7 and Lammerant 8 have reported results from the use of crystal detectors placed over the precordium. Veall, Huff, Maclntyre, and Lammerant have been able to measure cardiac output by this relatively simple technic. The data previously obtained suggest that recording simultaneously from several areas over the chest with highly collimated detectors will afford the possibility of:
(1) The detection and evaluation of anomalies of anatomy and flow, particularly shunts; (2) Measuring blood velocity in the heart, lung and great vessels; (3) calculation of blood volumes in the heart chambers, lungs and great vessels; (4) more accurate estimates of cardiac output; (5) the calculation of stroke volume and regurgitant flow. This preliminary report describes the apparatus and technic for recording simultaneously from 4 locations over the precordium after an intravenous injection of radioiodinated human serum albumin. The observed transients of 6 subjects are presented. Figure 1 shows the arrangement for detectors and the major shielding. The detectors were commercially available models modified at the face with prongs so that they could be fixed erect over any of the apertures of the two-inch lead shield. The apertures were conical sections with a diameter of 1^6 inches adjacent to the detector, tapering to a diameter of % m°h in contact with the subject's chest. All apertures not used could be closed with lead plugs. The crystals were surrounded with }$ inch of lead.
METHODS
The outputs of the 4 crystal scintillation detectors were fed to linear amplifiers with pulse height discriminators, thence to pulse shaping units, and finally were recorded on a 4-channel Ampex tape recorder, model 307-4. In addition, any one of the detectors could be connected directly to a ratemeter and graphic recorder. The time corresponding to beginning of injection was marked by hand on this direct record. If injection was prolonged beyond 1 sec. another mark was made corresponding to completion of injection. The loaded syringe was brought above the shield in the vicinity of the crystals just prior to injection in order to place a common time mark on both the Ampex recorder tape and the direct record. This time mark was The gain of the linear amplifiers and the discriminator settings were the same for all detectors. These settings were made for I
131
, on the basis of preliminary studies of a source in water, at a level such that much of the soft radiation was excluded. The ratemeter had two time constants, 0.5 and 10.0 sec, and its full scale response corresponded to 60,000 or 20,000 events/min. The time constant of the graphic recorder (Leeds & Northrup-Speedomax) was 0.5 sec.
Patients were fluoroscoped in the supine position corresponding to the position in which the study was to be made. At fluoroscopy the anterior projection of the cardiac silhouette was outlined on the chest. In addition, points were marked which were thought to correspond to the anterior projection of the major volume of blood in each of the heart chambers as well as in the common pulmonary artery just proximal to its two main branches.
Placement of the detectors was facilitated by the use of a semitransparent paper template. Circles incribed with india ink on the paper, corresponding in position to the small apertures of the lead shield, comprised the template. Detectors were placed in positions corresponding to the right atrium, the pulmonary artery, midway between the estimated positions of the right and left ventricular blood volumes and over the lung at a point in the third right interspace 8-12 cm. from the midsternal line. The use of small sandbags under the shoulders aided in establishing contact of skin and shield at all detector points. The lead shield was supported by a commercial winch hoist manufactured for lifting and transferring patients. Studies were done in patients with advanced heart disease, with neoplastic disease and no apparent cardiac abnormality, and patients who had, or were receiving, ionizing radiation as therapy. The needle of an empty heparinized syringe was inserted into a right antecubital vein and the venous tourniquet allowed to remain,, while the syringe containing I 131 human serum albumin, 200-500 JUC, was exchanged for the empty one. Blood flowed freely during this exchange; the tourniquet was removed and the injection made as the engorged veins emptied. Attempts were made to maintain the point of injection as high or higher than the heart. Figure 2 illustrates one of the most significant advantages of this instrumentation, afforded by the choice of the 60, 30 or 15 inches/sec, tape speeds of the Ampex recorder. All recordings were made with a tape speed of 60 inches/sec. Playing these records back at a tape speed of 15 inches/sec, had an effect of decreasing the count rate by a factor of four without the loss of the better statistics inherent in the high count rates recorded. In addition, the response time of both the ratemeter and the graphic recorder was effectively ]4, that of their real time response. Thus, events which occur as rapidly as % of a second could be detected and examined and, in some cases, individual ventricular ejections could be observed.
RESULTS AND DISCUSSION
Data of a patient without heart disease are shown in figure 3 . Curve 1 is the transient from the detector placed in the region of the right atrium. There is an initial rise and peak at about 4.5 sec, following which there is a rapid fall with a secondary rise which is likely produced by isotope in the right pulmonary veins. Curve 4, from the detector over the pulmonary artery reaches a peak shortly after the first transient of the right atrium detector, and then rises a second time to a peak at about 9 sec. This second peak is a consequence of the radioactivity in the aorta and occurs because that detector can overlie both pulmonary artery and aorta. Curve 2, from the "ventricular" detector shows an initial peak at 5.5 sec, a time almost identical to that of the pulmonary artery, and a second rise at 8 sec. of lesser amplitude. The latter is thought to represent the emanations from the left ventricle. The "ventricular" counter may be placed in such a way that it is "more sensitive" to left than right ventricular contents and is not consistently associated with a first peak higher in amplitude than the second. Lung radioactivity represented by curve S, is consistently a smooth rise and fall with time, the peak of which lies between the peaks represented by I 131 in chambers of either side of the heart. Amplitude of the lung curve is nearly always less than that of any of the other detectors, while that of the pulmonary artery and aorta is frequently greatest; however, the right atrial curve may rise higher than the latter.
Choosing times which appear to represent peak activities is not difficult for right atrium, right ventricle, left ventricle, pulmonary artery, aorta and lung; however, maximum activity of the left atrium is frequently not discretely shown in any of the curves. Better data from this chamber are expected if a detector is placed on the back near the spine. In patients without heart disease calculation of cardiac output 6 from any of the 4 curves gives values which are nearly identical.
If the radioactivity is assumed to have a trajectory in a single plane perpendicular to the detectors, calculations of velocity can be made. Using the value for the cardiac output, estimations may then be made for quantities of blood present between any 2 points if a linear system (e.g., flow in a tube) is assumed. It is apparent from inspection of the data that such a system does not always prevail. Since the individual time-intensity curves are not symmetrical the elapsed time between peak concentrations of two points is not necessarily an accurate measurement of the mean time for movement of blood between the two points. 9 Models which include perfect mixing chambers as well as linear components are likely to be the most appropriate ones for calculating chamber volumes and vessel blood velocities. The analysis of these models requires an electronic analog computer with suitable delay systems to simulate linear flow. However, precise matching of data with the analog will also require an accurate graphic analysis of the original data into components representing individual chambers, or collection of data which is discretely representative of single chambers. The only curve in the present data which represents a "single chamber" is that of the lung. Figure 4 is data from a patient with aortic insufficiency and stenosis. Prolongation of all events is immediately evident when comparison is made with the data of the patient without heart disease. Although the individual curves are similar to those of figure 3 , the aortic component of the pulmonary artery detector (curve 4) is doubtful. Instead, it is suggested that the second small rise of this curve is due to radiation from the left atrium, since the second rise of the left ventricular curve, 2, occurs subsequently. Similarly the second rise of the right atrium curve, 1, has a peak at the same time. When all curves of this patient are used to calculate cardiac output the results for each of the three heart curves are less than that for lung. This result is consistent with repetitive recording of isotope in the same channel or chamber (because of insufficiency) so that areas are falsely large in relation to final equilibrium values. It is expected that quantitative interpretation of this kind of finding may give an indication of the degree of insufficiency. The prolongation of the left ventricular portion of the curve is consistent with left ventricular dilation secondary to aortic disease.
The curves shown in figure 5 are those of a patient with advanced rheumatic mitral valvular disease. Again the sequence of peaks of the individual curves are similar to the patient without heart disease, but the events require much more time for completion. Peaks for both ventricles are apparent in curve 2. The plateau (15-18 sec.) of curve 4, or pulmonary artery curve, suggests a large left atrium with prolongation of activity from the isotope in this region. The second peak (24. sec.) and final down slope would seem to be from the aorta. The left atrial plateau (15-18 sec.) is also evident in the right atrial curve, 1. Cardiac output calculated from the lung curve was identical to the Fick value which was obtained at a different time, 1.86 L./min./M. 2 Data of a patient with advanced tricuspid as well as mitral insufficiency are shown in figure 6 . The time scale of the graph is twice that of the others. The very large right atrium, low cardiac output, and tricuspid regurgitation leads to much dilution of the isotope on the right side with blunting of peaks and prolongation of events. About 10 sec. transpired between the peaks in the right atrium and lung, con-HUFF, PARRISH AND CROCKETT 399 siderably longer than for any other patients studied. Recirculation of isotope might be expected to produce an error in cardiac output estimation; however, the value was very close to that obtained by catheterization (cardiac index of about 1 L./min.).
The data of a patient with cardiac catheterization evidence of an interatrial septal defect and anomalous pulmonary veins are shown in figure 7 . This set of curves is distinctly different from any of the others since there is little tendency for any of them to show double rises and the major peaks of all curves tend to occur nearly at the same time. The patient was only slightly cyanotic at the time of the study.
It is apparent that much improvement in data and an increased opportunity of practical application has occurred through the use of the described equipment. It is also obvious that further improvement and modification of equipment and procedure will bring the additional accuracy necessary for precise measurements. The amount of I 131 given in these studies results in radiation exposure of the patient which is less than that of some roentgen ray procedures for cardiac diagnosis. On the other hand the isotopic radiation exposure exceeds, for a short time, the maximum allowable of industry. Surveys of some patients show that less than 4 per cent of the I 131 exists in the thyroid gland. Exposure to the hands of technicians and physicians from loaded injection syringes may be excessive if repetitive exposure is great or if precautions are not observed. 
SUMMARY
Three well-collimated sodium iodide crystal (1 inch x 1 inch) detectors were placed on the anterior chest wall in areas determined by fluoroscopy to overlie the main body of blood in the right atrium, the ventricles, and the common pulmonary artery. A fourth detector was placed over the lung 8-12 cm. from the midline in the second or third intercostal space. Following a single intravenous injection of I 131 human serum albumin, the electric impulse of each of the four photomultiplier tubes was amplified and led through pulse shapers to a tape recorder running at 60 inches/sec. Playbacks could be made at 60, 30, or 15 inches/sec. The use of the tape recorder with slow playback speeds allows for unique storage, transformation, and interpretation of data. Radiation statistics inherent in high count rates are preserved in the slower playback, and experimental events having short duration become apparent; for example, individual ventricular ejections of isotope-labelled blood.
Sharp separations between peak activities were evident on some records, e.g., the pulmonary artery and aorta, and the two ventricles. The time of occurrence of the peak of the lung transient was between that of the right and left heart chambers. Prolongation of activity occurred where regurgitation of blood or dilatation of chambers was anticipated and in one patient with interatrial septal defect and anomalous pulmonary veins, the activity appeared almost simultaneously beneath all detectors.
It is expected that accurate estimates of heart chamber volumes and pulmonary blood volume can be made using this technic. SUMMARIO , le impulso electric de cata un del quatro tubos photomultiplicatori esseva amplificate e ducite via formatores de pulso verso un registrator a banda magnetic que curreva a un rapiditate de 60 pollices per secunda. Le reproduction del registrationes poteva esser effectuate a rapiditates de 60, 30, o 15 pollices per secunda. Iste uso del registrator a banda magnetic offere excellent possibilitates de preservation, transformation, e interpretation del datos. Per exemplo, eventos experimental de breve duration-como individual ejectiones ventricular de sanguine con marcas isotopic-deveni apparente in basse rapiditates de reproduction.
In alicun registrationes, acute separationes inter activitates maximal esseva evidente, per exemplo in le arteria pulmonar e le aorta e in le duo ventriculos. Le tempore de occurrentia del maximal transiente pulmonar esseva inter le tempores pro le cameras dextero-e sinistrocardiac. Prolongation del activitate occurreva ubi regurgitation de sanguine o dilatation de cameras esseva anticipate. In un patiente con un defecto del septo interatrial e anormal venas pulmonar, le activitate appareva quasi simultaneemente sub omne le detectores.
II es a previder que accurate estimationes del volumines de cameras cardiac e del volumine de sanguine pulmonar pote esser effectuate per medio de iste technica.
